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Abstract 
57,,QWHUQDWLRQDO0DVGDUDQG3HQQV\OYDQLD6WDWH8QLYHUVLW\368DUHOHDGLQJDQHIIRUWWRGHYHORSDQDGYDQFHGVROLGVRUEHQW
EDVHG&2FDSWXUHSURFHVVIRUDSSOLFDWLRQWRH[KDXVWJDVIURPYDULRXVLQGXVWULDOVRXUFHV±LQFOXGLQJFRDOILUHGSRZHUSODQWIOXH
JDV 7KH WHFKQLFDO DQG HFRQRPLF KXUGOHV WR VROLG VRUEHQW&2 FDSWXUH DUH EHLQJ DGGUHVVHG WKURXJK WUDQVLWLRQLQJ D SURPLVLQJ
VRUEHQWFKHPLVWU\ EDVHGRQVXSSRUWHGDPLQHV WRD ORZFRVW VRUEHQW VXLWDEOH IRUXVH LQD IOXLGL]HGEHGSURFHVV ,QSDUDOOHO D
VFDODEOHFLUFXODWLQJIOXLGL]HGEHGSURFHVVDUUDQJHPHQW LVEHLQJGHYHORSHG(IIRUWVKDYHIRFXVHGRQ LPSURYLQJVRUEHQWVWDELOLW\
DQG SHUIRUPDQFH FRQYHUWLQJ VRUEHQWV WR D IOXLGL]DEOH IRUP SURGXFLQJ ODUJH TXDQWLWLHV  NJ RI VRUEHQW WKURXJK VFDODEOH
PHWKRGVDQGHYDOXDWLQJWKHYLDELOLW\RIQHZSURFHVVGHVLJQVWKURXJKEHQFKVFDOHWHVWLQJXVLQJVLPXODWHGFRDOILUHGIOXHJDV

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
6HOHFWLRQDQGSHHUUHYLHZXQGHUUHVSRQVLELOLW\RI*+*7
Keywords:&2&DUERQFDSWXUH6ROLGVRUEHQWV3URFHVVHYDOXDWLRQ%HQFKVFDOHWHVWLQJ6FDOHXS)OXLGL]DEOHVRUEHQW3(,
1. Introduction 
'HYHORSPHQW RI WHFKQRORJLHV WKDW FRVWHIIHFWLYHO\ UHGXFH &2 HPLVVLRQV IURP FRDOILUHG SRZHU SODQWV LV YHU\
LPSRUWDQWWRPLWLJDWLQJWKHLPSDFWWKHVHSRZHUSODQWVKDYHZLWKLQWKH86¶VSRZHUJHQHUDWLRQSRUWIROLRSDUWLFXODUO\
LISHQGLQJ86(3$UHJXODWLRQVDUHHQDFWHGOLPLWLQJ&2HPLVVLRQVIRUQHZHOHFWULFLW\JHQHUDWLQJXQLWVWRaOE
&2  0:K FRQVLVWHQW ZLWK QDWXUDO JDV FRPELQHG F\FOH SODQWV 1*&& &XUUHQWO\ FRQYHQWLRQDO &2 FDSWXUH
WHFKQRORJLHVVXFKDVDTXHRXVPRQRHWKDQRODPLQH0($EDVHGVROYHQWV\VWHPVDUHSURKLELWLYHO\H[SHQVLYHDQGLI


&RUUHVSRQGLQJDXWKRU7HOID[
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LPSOHPHQWHG FRXOG OHDG WR D  WR  LQFUHDVH LQ WKH FRVW RI HOHFWULFLW\ ,&2( IRU FRQVXPHUV >@ 3ULPDU\
FRQWULEXWRUVWRWKLVKLJK,&2(DQGWKHWHFKQLFDOFKDOOHQJHVDVVRFLDWHGZLWKGHSOR\LQJ0($EDVHG&2FDSWXUHRQD
ODUJHVFDOHDUHDKLJKSDUDVLWLFHQHUJ\ORDGWKDWUHGXFHVWKHSRZHUJHQHUDWLRQFDSDFLW\RIWKHFRDOILUHGSRZHUSODQW
E\ DW OHDVW RQHWKLUG KLJK FDSLWDO FRVWV DVVRFLDWHG ZLWK WKH VFDOH DQG PDWHULDOV RI FRQVWUXFWLRQ RI WKH SURFHVV
HTXLSPHQW DQG LQVXIILFLHQW GHPRQVWUDWLRQ RI WKHVH WHFKQRORJLHV DW VFDOH DQG ZLWK DQ DSSURSULDWH GXUDWLRQ RI
RSHUDWLRQDOH[SHULHQFH>@

2QH SURPLVLQJ DOWHUQDWLYH WR FRQYHQWLRQDO OLTXLG VROYHQWEDVHG &2 FDSWXUH SURFHVVHV LV VROLG VRUEHQWEDVHG
SURFHVVHV6ROLGVRUEHQWEDVHGSURFHVVHVVHSDUDWHDQGUHFRYHU&2E\DF\FOLF WKHUPDOVZLQJVRUSWLRQGHVRUSWLRQ
SURFHVVVLPLODUWRWKHFRQYHQWLRQDOVROYHQWSURFHVVHV6ROLGVRUEHQWVDUHFRQVLGHUHGSURPLVLQJEHFDXVHWKH\H[KLELW
KLJK &2 ORDGLQJV KDYH ORZ KHDW FDSDFLWLHV DUH W\SLFDOO\ OHVV FRUURVLYH DQG DYRLG WR[LFLW\YRODWLOLW\ LVVXHV
DVVRFLDWHG ZLWK OLTXLG VROYHQW V\VWHPV 6XSSRUWHG DPLQH VRUEHQWV DUH SDUWLFXODUO\ DWWUDFWLYH DQG KDYH VLJQLILFDQW
SRWHQWLDOWRUHGXFHWKHUHJHQHUDWLRQQHHGHGWRFDUU\RXW&2FDSWXUHIURPIOXHJDVHV

57,,QWHUQDWLRQDO3HQQV\OYDQLD6WDWH8QLYHUVLW\368DQG0DVGDUDUHOHDGLQJDQHIIRUWWRGHYHORSDQDGYDQFHG
VROLG VRUEHQWEDVHG&2FDSWXUHSURFHVV'HYHORSPHQWHIIRUWVDUH IRFXVHGRQ LPSURYLQJQRYHOSRO\HWK\OHQHLPLQH
3(,EDVHGVRUEHQWVILUVWGHYHORSHGDQGVWXGLHGDW368¶V&ROOHJHRI(DUWKDQG0LQHUDO6FLHQFHV¶V(QHUJ\,QVWLWXWH
368¶V VRUEHQWV DUH KLJKO\ SURPLVLQJ DV WKH\ KDYH EHHQ VKRZQ WR EH FDSDEOH RI KLJK &2 ORDGLQJ FDSDFLWLHV
!ZW&2UHODWLYHO\ORZKHDWRIDEVRUSWLRQN-PRO&2KLJK&2VHOHFWLYLW\DQGKLJKUHDFWLRQUDWHV$V
SDUWRIWKLVZRUNHIIRUWWKHWHDPLVIRFXVHGRQLPSURYLQJWKHSHUIRUPDQFHVWDELOLW\RIWKHVHPDWHULDOVFRQYHUWLQJWKH
IRUP IURP ODEVFDOHSRZGHUV WR FRPPHUFLDOO\YLDEOH IOXLGL]DEOH SDUWLFOHV DQG UHGXFLQJ VRUEHQW SURGXFWLRQ FRVWV
57,¶VSURFHVVHQJLQHHULQJDQGGHVLJQH[SHUWLVHLVEHLQJOHYHUDJHGWRGHVLJQDEHQFKVFDOHUHVHDUFKXQLWDVZHOODVD
FRPPHUFLDOHPERGLPHQWRIWKHVROLGVRUEHQW&2FDSWXUHWHFKQRORJ\0DVGDU,QVWLWXWHSDUWRI0DVGDULVHYDOXDWLQJ
WKHHFRQRPLFDQGWHFKQLFDOYLDELOLW\RIXVLQJWKHWHFKQRORJ\IRU&2FDSWXUHIURP1*&&SRZHUSODQWV

7KLV SDSHUZLOO UHSRUW RQ WKH WHFKQLFDO SURJUHVV LQ DOOPDMRU DFWLYLW\ DUHDV LQFOXGLQJ VRUEHQW LPSURYHPHQWV LQ
VWDELOLW\DQGSK\VLFDOIRUPWUDQVLWLRQRIWKHVRUEHQWIURPODESUHSDUDWLRQWRFRPPHUFLDOSURGXFWLRQRIODUJHVRUEHQW
TXDQWLWLHV  NJ WKH GHVLJQ DQG HQJLQHHULQJ HIIRUW UHTXLUHG WR IDEULFDWH DQG FRQVWUXFW D EHQFKVFDOH SURFHVV
V\VWHP DQG SUHOLPLQDU\ WHVWLQJ UHVXOWV FROOHFWHG IURP RSHUDWLQJ WKH EHQFKVFDOH SURFHVV V\VWHP LQ 57,¶V
GHPRQVWUDWLRQIDFLOLWLHV
2. RTI’s solid sorbent CO2 capture technology 
57,¶V WHFKQRORJ\ LV D VROLG VRUEHQWEDVHG SURFHVVZKLFK VHOHFWLYHO\ UHPRYHV&2 IURP LQGXVWULDO H[KDXVW JDV
VWUHDPV WKURXJKDF\FOLF WKHUPDOVZLQJDEVRUSWLRQGHVRUSWLRQSURFHVV JHQHUDWLQJD KLJKSXULW\&2SURGXFWJDV
WKDW LV ³VHTXHVWUDWLRQUHDG\´7KHSURFHVV LV EHLQJGHYHORSHG DV D ORZHU FRVW DOWHUQDWLYH WR FRQYHQWLRQDO DTXHRXV
DPLQH&2VFUXEELQJ7KHSURFHVVXVHVDVRUEHQWPDWHULDOWKDWLVEDVHGRQD&2SKLOLFSRO\DPLQHLH3(,ORDGHG
RQDKLJKVXUIDFHDUHDVXSSRUWPDWHULDOHJVLOLFD±ILUVWGHYHORSHGDW368>@3(,LVSDUWLFXODUO\ZHOOVXLWHGIRU
&2FDSWXUHDVLWFRQVLVWVRIEUDQFKHGSRO\PHUFKDLQVZLWKDKLJKGHQVLW\RIDPLQHJURXSVSULPDU\VHFRQGDU\DQG
WHUWLDU\DPLQHVZKLFK VHOHFWLYHO\DEVRUE&27KH VXSSRUWPDWHULDO LVXVHG WRFRQYHUW3(,DYLVFRXV OLTXLG WRD
VROLGSDUWLFXODWHIRUPIRUXVHLQJDVVROLGSURFHVVHVLQFUHDVHWKHVXUIDFHDUHDWRSURPRWH3(,&2LQWHUDFWLRQDQGWR
SURYLGHSK\VLFDOVWUHQJWKWRDOORZLWWREHXVHGLQDIOXLGL]HGEHGSURFHVV8QGHUIOXHJDVFRQGLWLRQV&2DEVRUSWLRQ
LV IDYRUHG EHWZHHQ  WR &  $W WHPSHUDWXUHV JUHDWHU WKDQ & WKH UHYHUVH UHDFWLRQV SUHGRPLQDWH DQG WKH
VRUEHQW UHOHDVHV&22YHU VHYHUDO \HDUV RI GHYHORSPHQW 368KDV GHPRQVWUDWHG WKDW WKH 3(,EDVHG VRUEHQWV DUH
FDSDEOH RI DFKLHYLQJ KLJK &2 ORDGLQJV KLJK &21 VHOHFWLYLW\ D UHDVRQDEOH KHDW RI DEVRUSWLRQ ǻ+$EV   
N-PRO &2 DQG FDQ EH SUHSDUHG XVLQJ LQH[SHQVLYH KLJK VXUIDFH DUHD PDWHULDOV ZKLOH UHWDLQLQJ &2 FDSWXUH
SHUIRUPDQFH>@

$OWKRXJK368¶VHDUOLHU3(,EDVHGVRUEHQWVH[KLELWHGPDQ\GHVLUDEOHFKDUDFWHULVWLFV WKH\ZHUHQRW VXLWDEOH IRU
XVHLQIOXLGL]HGEHGSURFHVVHV&RQYHUVLRQRIWKHVHPDWHULDOVWRFRPPHUFLDOO\YLDEOHIOXLGL]DEOHVRUEHQWVLQYROYHV
RYHUFRPLQJVHYHUDOKXUGOHVLQFOXGLQJ
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x WKHQHHGWRLPSURYHWKHVRUEHQW¶VWKHUPDOVWDELOLW\LQRUGHUWRUHOHDVH&2DWHOHYDWHG&2SDUWLDOSUHVVXUHE\
UHJHQHUDWLQJDWKLJKHUWHPSHUDWXUHV
x WKHQHHGWRFRQYHUWWKHVRUEHQWVWRDIOXLGL]DEOHDQGDWWULWLRQUHVLVWDQWIRUP±FRPSDWLEOHZLWKIOXLGL]HGEHG
UHDFWRUV\VWHPV
x WKHQHHGIRUFRQWLQXHGVRUEHQWFRVWUHGXFWLRQE\XWLOL]LQJORZFRVWFRPPHUFLDOO\DYDLODEOHVXSSRUWPDWHULDOVDQG
XWLOL]LQJVFDODEOHPDQXIDFWXULQJSUDFWLFHVDQG
x WKHQHHGWRSURYHWKHVFDODELOLW\RIVRUEHQWPDQXIDFWXULQJ

7KHVH KXUGOHV KDYH IRUPHG WKH REMHFWLYHV RI 57,
DQG 368¶V VRUEHQW GHYHORSPHQW UHVHDUFK LQ WKH
FXUUHQWSKDVHRIWHFKQRORJ\GHYHORSPHQW

,Q FRQVLGHULQJ KRZ WR RSWLPDOO\ GHVLJQ WKH
FRQILJXUDWLRQRIDVROLGVRUEHQW&2FDSWXUHSURFHVV
LWZDVREVHUYHGWKDW3(,EDVHGVRUEHQWFDQIHDVLEO\EH
XVHG LQ PXOWLSOH SURFHVV UHDFWRU HQYLURQPHQWV ±
IL[HGEHG IOXLGL]HGEHG DQG WUDQVSRUW UHDFWRUV
(QJLQHHULQJDQDO\VLVKDVOHGWRWKHGHWHUPLQDWLRQWKDW
WKHPRVWSURPLVLQJ UHDFWRUHQYLURQPHQW IRU WKHUPDO
VZLQJ VROLG VRUEHQWEDVHG &2 FDSWXUH LV GXDO
IOXLGL]HGPRYLQJEHGUHDFWRUV)0%5VLQZKLFKWKH
VRUEHQW LV FRQWLQXRXVO\ FLUFXODWHG EHWZHHQ D &2
$EVRUEHU IRU &2 FDSWXUH DQG D 6RUEHQW
5HJHQHUDWRU IRU &2 UHOHDVH DQG FRQFHQWUDWLRQ $
EDVLF EORFN IORZ GLDJUDP RI 57,¶V SURFHVV LV
H[KLELWHGLQ)LJXUH

7KHVHOHFWLRQRIDIOXLGL]HGEHGUHDFWRUGHVLJQZDV
EDVHGRQWKHQHFHVVLW\IRUHIILFLHQWKHDWPDQDJHPHQW
LQ WKH &2 $EVRUEHU UHPRYDO DQG 6RUEHQW
5HJHQHUDWRU DGGLWLRQ +HDW PDQDJHPHQW LV
H[WUHPHO\ FULWLFDO LQ VRUEHQWEDVHG &2 FDSWXUH
SURFHVVHV HVSHFLDOO\ LQ WKH $EVRUEHU VLQFH &2
DEVRUSWLRQ LV DQ H[RWKHUPLF VHOIH[WLQJXLVKLQJ
UHDFWLRQ 7KLV FLUFXODWLQJ )0%5 GHVLJQ FRQFHSW
DGGUHVVHV WKH PDMRU SURFHVVUHODWHG FKDOOHQJHV
DVVRFLDWHGZLWK VROLG VRUEHQWEDVHG&2 FDSWXUH DQG
DFKLHYHVWKHIROORZLQJ

x SURFHVVLQWHQVLILFDWLRQE\PLQLPL]LQJWKHQXPEHU
RISURFHVVYHVVHOVDQGVRUEHQWORDG
x PLQLPL]DWLRQRIWKHUPDOUHJHQHUDWLRQHQHUJ\ORDG
E\HQDEOLQJWKHXVHRIKLJK&2FDSDFLW\VROLG
VRUEHQWVDQGHOLPLQDWLQJWKHF\FOLFWKHUPDOORDGRI
DVVRFLDWHGSURFHVVHTXLSPHQW
x DKHDWLQWHJUDWLRQVWUDWHJ\VLPLODUWRWKHFURVVRYHU
KHDWH[FKDQJHULQVROYHQWSURFHVVHV
x VXSHULRUJDVVROLGKHDWDQGPDVVWUDQVIHU
FKDUDFWHULVWLFVFRPSDUHGWRIL[HGEHGUHDFWRUV
x DQHIIHFWLYHPHDQVRIHQVXULQJFRXQWHUFXUUHQWIORZRIJDVDQGVROLGVYLDEHGVWDJLQJDQG
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JDVFRPHVLQFRQWDFWZLWKOHDQVRUEHQWZKLFKVHOHFWLYHO\UHPRYHV&2DQG
JHQHUDWHV KHDW ,Q RUGHU WR FRQWURO WKH VRUEHQW EHG WHPSHUDWXUH FRROLQJ
ZDWHULVXVHGWRFRROWKHVRUEHQWWKURXJKLQGLUHFWFRQWDFW7UHDWHGIOXHJDV
H[LWV WKH$EVRUEHU JRHV WKURXJKSDUWLFXODWH FRQWURO V\VWHPV DQG WKHQ LV
YHQWHGWRWKHDWPRVSKHUHWKURXJKWKHSRZHUSODQW¶VH[LVWLQJH[KDXVWVWDFN
7KH&2ULFKVRUEHQWH[LWVWKH$EVRUEHUDQGLVWUDQVSRUWHGWRWKH6RUEHQW
5HJHQHUDWRU  7KH 6RUEHQW 5HJHQHUDWRU LV LQGLUHFWO\ KHDWHG ZLWK
FRQGHQVLQJVWHDPWRVWULS WKHVRUEHQWRIDEVRUEHG&2 7KH UHJHQHUDWHG
VRUEHQWSURGXFHVDFRQFHQWUDWHG&2JDVVWUHDPZKLFKLVVZHSWRXWRIWKH
5HJHQHUDWRUZLWKD&2DQGVWHDPVZHHSJDV7KHFRQFHQWUDWHG&2JDV
VWUHDPLVWKHQVHQWWRDGHK\GUDWLRQDQGFRPSUHVVLRQXQLWDQGWKHVRUEHQW
LVWUDQVIHUUHGEDFNWRWKH&2$EVRUEHUIRUFRQWLQXHG&2UHPRYDO
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x XWLOL]DWLRQRISURFHVVHTXLSPHQWWKDWDUHFRPPHUFLDOO\DYDLODEOHDWWKHVFDOHUHTXLUHG

'HVSLWH WKHVH DGYDQWDJHV WKH SULPDU\ FKDOOHQJH IRU WKLV SURFHVV FRQILJXUDWLRQ LV WKDW LW KDV QRW EHHQ SURYHQ
H[SHULPHQWDOO\IRUVROLGVRUEHQW&2FDSWXUHDSSOLFDWLRQV7KHIRFXVRI57,DQGSDUWQHUVKDVEHHQWRGHPRQVWUDWH
WKH DGYDQWDJHV RI WKLV SURFHVV GHVLJQ WKURXJK GHWDLOHG IOXLGL]HGEHG PRGHOLQJ DQG EHQFKVFDOH HYDOXDWLRQV RI D
SURFHVV SURWRW\SH )XUWKHUPRUH 57,¶V HQJLQHHULQJ DQDO\VLV UHYHDOHG D VHW RI &2 DEVRUEHQW SURSHUWLHV DQG
SHUIRUPDQFH FKDUDFWHULVWLFV WRPHHW DW FRPPHUFLDO VFDOH WR UHDOL]H WKH EHQHILWV RI WKH FLUFXODWLQJ )0%5 GHVLJQ
7KHVH SURSHUWLHV DQG FKDUDFWHULVWLFV ±ZKLFK UHSUHVHQW WDUJHWV WR EH DFKLHYHG E\ WKH UHVHDUFK WHDP ± LQFOXGH WKH
IROORZLQJ

x EHDIOXLGL]DEOHDQGDWWULWLRQUHVLVWDQWPDWHULDO
x DFKLHYHG\QDPLF&2ORDGLQJVLQH[FHVVRIZWXQGHUIOXHJDVFRQGLWLRQV
x H[KLELWDKHDWRI&2DGVRUSWLRQN-PRORI&2
x EHLQH[SHQVLYHSUHIHUDEO\NJ

7KHJRDORIWKHFXUUHQWGHYHORSPHQWSKDVHLVWRDGGUHVVWKHUHPDLQLQJVRUEHQWDQGSURFHVVFKDOOHQJHVUHIHUHQFHG
DERYH±OHDGLQJWRDKLJKILGHOLW\EHQFKVFDOHSURWRW\SHDQGWHVWLQJFDPSDLJQRIWKHIDYRUHGSURFHVVGHVLJQDQG
FRPPHUFLDOO\YLDEOHVRUEHQW
3. PEI-based solid sorbent improvement and optimization 
+DYLQJ VWDUWHG ZLWK WKH SURPLVLQJ 3(,EDVHG &2 FDSWXUH VRUEHQWV ILUVW GHYHORSHG DW 368 WKH PDLQ JRDO RI
IXUWKHU VRUEHQW GHYHORSPHQW ZDV WR LPSURYH WKH RYHUDOO VWDELOLW\ RI D 3(,EDVHG VRUEHQW ZKLOH WUDQVLWLRQLQJ WR D
IOXLGL]DEOHIRUP5HVHDUFKHUVDW57,KDYHGHPRQVWUDWHGWKDWWKH3(,EDVHGVRUEHQWVZHUHFDSDEOHRIDFKLHYLQJYHU\
JRRG&2FDSWXUHSHUIRUPDQFHEXWVXIIHUHGIURPWKHUPDOGHJUDGDWLRQDWUHODWLYHO\KLJKDEVRUSWLRQWHPSHUDWXUHV>@
,QRUGHUWRSURGXFHDFRPPHUFLDOO\YLDEOHVRUEHQWWKH3(,EDVHGVRUEHQWPXVWH[KLELWLPSURYHGWKHUPDOVWDELOLW\DW
KLJKHU UHJHQHUDWLRQ WHPSHUDWXUHV DQGPXVW EH SURGXFHG LQ DQ RSWLPL]HG IRUP IRU D GHVLUHG IOXLGL]HGEHG UHDFWRU
GHVLJQ

3ULRUWRFXUUHQWZRUNHIIRUWVWKHVRUEHQWZDVLPSURYHGVXEVWDQWLDOO\XVLQJWKHIROORZLQJDSSURDFK

x PRGLILFDWLRQRISURFHVVDQGSUHSDUDWLRQFRQGLWLRQV
x VHOHFWLRQRIGLIIHUHQW3(,VHJGLIIHUHQWPROHFXODU
ZHLJKWVYDULRXVGHJUHHVRISRO\PHUEUDQFKLQJHWF
x VWUHQJWKHQLQJRI3(,DQGVXSSRUWPDWHULDOFKHPLFDO
ERQGHJWKURXJKVXUIDFHIXQFWLRQDOL]DWLRQ
x SHUIRUPDQFHVWDELOL]DWLRQWKURXJKFURVV
OLQNLQJFRSRO\PHUL]DWLRQRI3(,

7KH PRVW VLJQLILFDQW LPSURYHPHQW LQ VRUEHQW VWDELOLW\
ZDV UHDOL]HG WKURXJK WKH DGGLWLRQ RI PRLVWXUH WR WKH
UHJHQHUDWLRQ JDV DV FDQ EH VHHQ LQ UHVXOWV H[KLELWHG E\
)LJXUH(YHQDWVHYHUHFRQGLWLRQVLQZKLFKWKHVRUEHQWLV
UXQ WKURXJK WKUHH DEVRUSWLRQUHJHQHUDWLRQ F\FOHV DQG WKHQ
DJHGIRUKLQ&2DQG+2DW&EHIRUH
UHSHDWLQJWKLVWHVWF\FOHWKHORDGLQJFDSDFLW\GHFUHDVHVE\
DSSUR[LPDWHO\  7KLV FRPSDUHV IDYRUDEO\ WR WKH
VRUEHQWDJHGZLWKRXWPRLVWXUHZKLFKLVQHDUO\FRPSOHWHO\
GHDFWLYDWHG DIWHU WKH DJLQJ H[SHULPHQWV 7KH REVHUYHG
VWDELOLW\ HQKDQFHPHQW LQ WKH SUHVHQFHRIPRLVWXUHPD\EH
)LJ(IIHFWRIPRLVWXUHLQUHJHQHUDWLRQJDVRQVWDELOLW\$EV
&&2+22EDO15HJHQ&
+2EDO1$JLQJKUDW&LQ&2+2
KXPLGLILHGDQG&2GU\
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UHODWHGWRWKHUHGXFHGIRUPDWLRQRIWKHUPDOO\VWDEOHXUHDGXULQJUHJHQHUDWLRQ6LPLODUILQGLQJVKDYHEHHQPDGHE\
RWKHU UHVHDUFKHUV >@ ,W LV FOHDUO\ HYLGHQW WKDW WKH VWDELOLW\RI3(,EDVHG VRUEHQWV FDQEH LPSURYHGE\PRGLI\LQJ
UHDFWLRQFRQGLWLRQV

,PSURYHPHQWV WR VRUEHQW VWDELOLW\ ZHUH DOVR PDGH E\ DGGUHVVLQJ WKH LVVXH RI 3(, OHDFKLQJ IURP WKH VXSSRUW
VWUXFWXUH6HYHUDOPHWKRGVIRUUHGXFLQJWKHPRELOLW\RI3(,RQFHLQWKHSRUHVWUXFWXUHRIWKHVXSSRUWZHUHHYDOXDWHG
ZLWK YDU\LQJ GHJUHHV RI VXFFHVV 7KUHH SURPLVLQJ PHWKRGV ZHUH LGHQWLILHG LQFOXGLQJ 3(, FURVV
OLQNLQJFRSRO\PHUL]DWLRQ FRPSOH[DWLRQ DQG 3(, VXEVWLWXWLRQ ,Q DGGLWLRQ VXEVWLWXWLRQ RI WKH PHVRSRURXV VLOLFD
VXSSRUWVHJ0&0DQG6%$XVHGSUHYLRXVO\E\368ZLWKOHVVH[SHQVLYHVLOLFDVOHDGWRDQRYHUDOO[
UHGXFWLRQLQFRVWRIWKHVRUEHQW7KHVHVLOLFDVXEVWLWXWHVH[KLELWHGVLPLODULIQRWVXSHULRUSHUIRUPDQFHFRPSDUHGWR
WKHPHVRSRURXVVLOLFDFRXQWHUSDUWVXSRQORDGLQJZLWK3(,DQGWHVWLQJLQDVLPXODWHGIOXHJDVHQYLURQPHQW

&XUUHQW VRUEHQW GHYHORSPHQW HIIRUWV KDYH XVHG WKH SUHYLRXV DGYDQFHPHQWV DV D VSULQJERDUG WRPDNH IXUWKHU
SURJUHVV LQ WKHGHYHORSPHQWRID IOXLGL]DEOH DWWULWLRQUHVLVWDQW VXSSRUWHG3(,&2FDSWXUH VRUEHQWDQGXOWLPDWHO\
LQFUHDVHSURGXFWLRQRIWKHVRUEHQWWRNJWRVXSSRUWEHQFKVFDOHWHVWLQJ
3.1. Packed-bed reactor system 
,Q RUGHU WR HYDOXDWH WKH &2 FDSWXUH SHUIRUPDQFH RI QHZ VRUEHQW FDQGLGDWHV DEVRUSWLRQ DQG UHJHQHUDWLRQ
H[SHULPHQWVZHUHSHUIRUPHGXVLQJDQH[LVWLQJDXWRPDWHGSDFNHGEHGUHDFWRU3%5V\VWHPGHYHORSHGE\57,7KH
ODEVFDOH 3%5 V\VWHP FRQVLVWV RI IRXU PDLQ VHFWLRQV  )HHG *DV *HQHUDWLRQ  3DFNHG%HG 5HDFWRU  *DV
6ZLWFKLQJ9DOYHVDQG*DV$QDO\VLV$VFKHPDWLFRIWKH3%5V\VWHPLVH[KLELWHGLQ)LJXUH7KH3%5IHHGJDV
JHQHUDWLRQ V\VWHP FRQVLVWV RI D EDQN RI HOHFWURQLF JDVPDVV IORZ FRQWUROOHUV DQG D WHPSHUDWXUH FRQWUROOHGZDWHU
VDWXUDWRU7KLVDUUDQJHPHQWDOORZVIRUWKHJHQHUDWLRQRIDZLGHUDQJHRIIHHGJDVFRPSRVLWLRQVLQFOXGLQJZHWDQGGU\
JDV PL[WXUHV 'XULQJ WHVWLQJ WKH
VRUEHQWLVFRQWDLQHGZLWKLQWKH3%5
DQG D WKHUPRFRXSOH LV VLWXDWHG
ZLWKLQ WKH VRUEHQW EHG WR PHDVXUH
WKH LQWHUQDO WHPSHUDWXUH GXULQJ
DEVRUSWLRQDQGUHJHQHUDWLRQRI&2
7KH &2 FRQFHQWUDWLRQ LQ WKH
UHDFWRU HIIOXHQW LV FRQWLQXRXVO\
PRQLWRUHGXVLQJD+RULED9$
&2DQDO\]HU

&2 FDSWXUH H[SHULPHQWV XQGHU
VLPXODWHGFRDOILUHGIOXHJDVFRQGLWLRQVZHUHFDUULHGRXWE\ORDGLQJJRIWKH57,VRUEHQWLQWRWKH3%5V\VWHPDQG
SHUIRUPLQJPXOWLF\FOH &2 DEVRUSWLRQ DQG UHJHQHUDWLRQ H[SHULPHQWV $ ³F\FOH´ RI&2 DEVRUSWLRQUHJHQHUDWLRQ
FRQVLVWVRIVWHSV&2DEVRUSWLRQV\VWHPSXUJHVRUEHQWUHJHQHUDWLRQDQGV\VWHPFRROLQJ7KHW\SLFDO
IOXHJDVFRPSRVLWLRQXVHGLQ3%5WHVWLQJEDVHGRQFRQGLWLRQVIRXQGDWDW\SLFDOFRDOILUHGSRZHUSODQWLV
&22+2DQGEDODQFH1
3.2. “Visual” fluidized-bed reactor system 
7KH DELOLW\ WRPHDVXUH DQG REVHUYH WKH ³IOXLGL]DELOLW\´ RI SUHSDUHG VRUEHQWV LV D FULWLFDO DVSHFW RI WKH VRUEHQW
GHYHORSPHQWDQGLPSURYHPHQWHIIRUWVDQGQHFHVVLWDWHGWKHGHYHORSPHQWDQGFRQVWUXFWLRQRID³YLVXDO´IOXLGL]HGEHG
UHDFWRUY)%5V\VWHP7KHY)%5ZDVGHYHORSHGWRV\VWHPDWLFDOO\HYDOXDWHWKHIOXLGL]LELOLW\RISUHSDUHGVRUEHQWV
XQGHUUHOHYDQWSURFHVVFRQGLWLRQV)LJXUHVKRZVWKHY)%5DVFRQVWUXFWHGLQ57,¶VODERUDWRU\%HLQJFRQVWUXFWHG
RIJODVVWKHY)%5DOORZVIRUYLVXDOREVHUYDWLRQRIIOXLGL]LQJSDUWLFOHVXQGHUVSHFLILFSURFHVVFRQGLWLRQV,QVWDLQOHVV
VWHHO DSSDUDWXVHV LW ZRXOG EH GLIILFXOW WR HYDOXDWH IOXLGL]DWLRQ EHKDYLRU DQG REVHUYH 3(, OHDFKLQJ 7KLV V\VWHP
SURYLGHVDPHDQVIRUGHWHUPLQLQJDYDULHW\RISURFHVVUHODWHGVRUEHQWFKDUDFWHULVWLFVVXFKDVPLQLPXPIOXLGL]DWLRQ
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YHORFLW\ IOXLGL]LELOLW\DWWULWLRQ ORVVDVZHOODV&2 ORDGLQJ 7KHY)%5LVRSHUDWHGDW D UHODWLYHO\ZLGHUDQJHRI
WHPSHUDWXUHV EHWZHHQ& WR&DOORZLQJ WKH VRUEHQW WRSHUIRUP&2DEVRUSWLRQDWQHDU URRP WHPSHUDWXUH
DQGUHJHQHUDWHDWDQHOHYDWHGWHPSHUDWXUH

6RUEHQW VDPSOHV aJ DUH ORDGHG LQWR WKH Y)%5 IRU WHVWLQJ XQGHU UHDOLVWLF SURFHVV
FRQGLWLRQVHIIHFWLYHO\ VFUHHQLQJ VRUEHQWFDQGLGDWHVEDVHG RQ IOXLGL]DELOLW\DQG WHQGHQF\ IRU
DJJORPHUDWLRQ6RUEHQWVDUHWHVWHGLQWKHY)%5V\VWHPXQGHUIRXUVHWVRISURFHVVFRQGLWLRQV
YDU\LQJ WKH WHPSHUDWXUH DQG KXPLGLW\ ZLWKLQ WKH Y)%5 ± HDFK FRQGLWLRQ FRUUHVSRQGV WR
HQYLVLRQHG SURFHVV FRQGLWLRQV ZLWKLQ D FRPPHUFLDO VROLG VRUEHQW&2 FDSWXUH SURFHVV 7KH
IRXUVHWVRISURFHVVFRQGLWLRQVZHUHHVWDEOLVKHGWRPLPLFWKHWRSRIWKH&2$EVRUEHUORZ
&2 ORZHU DEVRUSWLRQ WHPSHUDWXUH  WKH ERWWRP RI WKH &2 $EVRUEHU KLJK &2 
KLJKHUDEVRUSWLRQ WHPSHUDWXUH WKH WRSRI WKH6RUEHQW5HJHQHUDWRU KLJKHU&2DQG+2
FRQWHQWKLJKHUUHJHQHUDWLRQWHPSHUDWXUHDQGWKHERWWRPRID6RUEHQW5HJHQHUDWRUORZHU
&2DQG+2FRQWHQWKLJKHUUHJHQHUDWLRQWHPSHUDWXUH

)ROORZLQJ Y)%5 WHVWLQJ WKH VRUEHQW FDQGLGDWHV ZHUH JLYHQ D ³SDVV´ RU ³IDLO´ JUDGH $
SDVVLQJ JUDGH LQGLFDWHV WKDW WKH VRUEHQW SDUWLFOHV IOXLGL]H VPRRWKO\ ZLWK OLWWOH WR QR
DJJORPHUDWLRQPDLQWDLQ &2 FDSWXUH SHUIRUPDQFH DQG H[KLELW OLWWOH WR QR 3(, OHDFKLQJ $
IDLOLQJJUDGH LQGLFDWHV WKDW WKHVH WKUHH VRUEHQWPHWULFVZHUHQRWPHW IRUDQ\RQHRI WKH IRXU
WHVWLQJFRQGLWLRQV
3.3. Development of a fluidizable sorbent 
7KH JRDO RI FXUUHQW IOXLGL]DEOH VRUEHQW ZRUN HIIRUWV LV WR IXUWKHU WKH GHYHORSPHQW RI D
IOXLGL]DEOH DWWULWLRQUHVLVWDQW VXSSRUWHG3(, &2 FDSWXUH VRUEHQW E\ EXLOGLQJ XSRQ
DGYDQFHPHQWV PDGH SUHYLRXVO\ LQ WKH SUHSDUDWLRQ RI ORZFRVW VLOLFD VXSSRUW PDWHULDOV DQG
DGYDQFHPHQWV LQ UHGXFLQJ3(, OHDFKLQJ IURP WKH VRUEHQW VXSSRUW7KH JRDO RI WKLV UHVHDUFK
ZDV WRVHOHFWDVLQJOHVRUEHQWFDQGLGDWHVXLWDEOH IRUVFDOHXS WRNJIRUXVH LQDEHQFK
VFDOHSURWRW\SHV\VWHP
*XLGLQJWKLVZRUNDQGWKHVXEVHTXHQWVHOHFWLRQRIWKHPRVWSURPLVLQJVRUEHQWFDQGLGDWH
ZHUH LQWHUQDOO\HVWDEOLVKHG SK\VLFDO SURSHUW\ GHQVLW\ SDUWLFOH VL]H HWF WDUJHWV DQG
SHUIRUPDQFH &2 ORDGLQJ FDSDFLW\ IOXLGL]DELOLW\ HWF PHWULFV E\ZKLFK WKH VRUEHQWVZHUH
VFUHHQHG

6HYHUDOQHZIRUPXODWLRQVRIIOXLGL]DEOHVXSSRUWVDQGVRUEHQWVZHUHSUHSDUHG3(,EDVHGVRUEHQWVZHUHSUHSDUHG
ORDGHGZLWKGLIIHUHQWZHLJKWSHUFHQWDJHVRI3(,LQRUGHUWRRSWLPL]HWKH3(,ORDGLQJDPRXQWUHODWLYHWRRSWLPL]HG
&2FDSWXUHSHUIRUPDQFH7KHVLOLFDPDWHULDOVXVHGDVVXSSRUWVLQWKHVHVRUEHQWFDQGLGDWHVZHUHERWKFRPPHUFLDOO\
DYDLODEOH IOXLGL]DEOH VLOLFDV DQG LQKRXVH SUHSDUHG PDWHULDOV IRUPHG E\ VSUD\ GU\LQJ WRJHWKHU VLOLFD DQG YDULRXV
ELQGHUVDQGHQKDQFHUV

3DFNHGEHGUHDFWRUWHVWLQJRIVRUEHQWFDQGLGDWHVUHYHDOHGWKDWWKHRSWLPDO3(,ORDGLQJUDQJHGEHWZHHQWR
ZW3(,DQGWKDWLQFUHDVLQJWKH3(,ORDGLQJWRWRZW3(,GRHVQRWLQFUHDVH&2ORDGLQJFDSDFLW\0DVGDU
,QVWLWXWH UHSHDWHG WKLV ZRUN DV SDUW RI D FROODERUDWLRQ HIIRUW ZLWK 57, DQG WKHLU ILQGLQJV IRU 3(, RSWLPL]DWLRQ
FRUUHODWHZHOOZLWK57,¶VDVLVH[KLELWHGLQ)LJXUH,WLVWKHRUL]HGWKDWWKLVUHVXOWLVGXHWRVXSHULRU3(,GLVSHUVLRQ
RQ WKHVXSSRUWDQG LVFRQVLVWHQWZLWKKLJKHUDPLQHXWLOL]DWLRQFRPSDUHG WR LPSUHJQDWHGPDWHULDOV ZLWKKLJKHU3(,
ORDGLQJV$QDGGHGDGYDQWDJHRILPSUHJQDWHGVLOLFDFRQWDLQLQJOHVV3(,LVWKDWWKH\H[KLELWOHVVDJJORPHUDWLRQLQD
IOXLGL]HG V\VWHPFRPSDUHG WR VRUEHQWVZLWKKLJKHU3(, ORDGLQJV ,W LV SURSRVHG WKDW VRUEHQWVZLWK ORZHU ORDGLQJV
KDYHOHVV3(,RQWKHH[WHUQDOVXUIDFHVRIWKHVLOLFDVXSSRUWDQGWKXVDUHOHVVOLNHO\WRDJJORPHUDWH

)LJ57,
VY)%5
V\VWHP
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3ULRU WR H[WHQVLYH Y)%5 WHVWLQJ 57, ZDV DEOH WR
QDUURZWKHVRUEHQWFDQGLGDWHILHOGWRIRXUFDQGLGDWHV±
WKUHH PDGH IURP FRPPHUFLDO VLOLFD VXSSRUWV DQG RQH
IURP D VSUD\GULHG VXSSRUW PDWHULDO SUHSDUHG E\ 57,
7DEOH  7KH FRPPHUFLDOO\DYDLODEOH VXSSRUWV ZHUH
SDUWLFXODUO\ DWWUDFWLYH VLQFH WKH\ KDG DOUHDG\ EHHQ
SURYHQ WR EH VFDODEOH DQG DYDLODEOH LQ VLJQLILFDQW
TXDQWLW\ $OO IRXU FDQGLGDWHV ZHUH DEOH WR DFKLHYH
UHDVRQDEOH &2 ORDGLQJ FDSDFLWLHV ± ZLWK DOO IRXU
H[KLELWLQJ FDSDFLWLHV ZHOO DERYH WKH WDUJHW VHW LQ WKH
SURFHVV HQJLQHHULQJ HYDOXDWLRQ 0RUH H[WHQVLYH &2
FDSWXUH WHVWLQJ RI WKH VRUEHQW SUHSDUHG XVLQJ
&RPPHUFLDO 6XSSRUW % H[KLELWHG EHKDYLRU XQOLNH WKH
RWKHUVDVLWUDSLGO\ORVW&2ORDGLQJFDSDFLW\RYHUMXVW
D IHZ DEVRUSWLRQUHJHQHUDWLRQ F\FOHV *LYHQ WKLV
QHJDWLYH UHVXOW WKLV SDUWLFXODU VXSSRUW PDWHULDO ZDV
GLVFDUGHG DQGQRW SUHSDUHG LQ VXIILFLHQW TXDQWLWLHV IRU
WHVWLQJ LQ WKH Y)%5 V\VWHP 7KH UHPDLQLQJ WKUHH
VRUEHQWFDQGLGDWHVVKRZHGDFFHSWDEOHGHQVLWLHVZLWKWKHKLJKHVWGHQVLW\EHLQJREVHUYHGRQ&RPPHUFLDO6XSSRUW&
$V IRU SDUWLFOH VL]H GLVWULEXWLRQ WZR RI WKH WKUHH FRPPHUFLDO VXSSRUWEDVHG VRUEHQWV 6RUEHQWV  DQG  VKRZHG
SDUWLFOHVL]HGLVWULEXWLRQVZLWKLQDGHVLUHGUDQJH57,¶VLQKRXVHVXSSRUWVKRZHGSDUWLFOHVL]HDYHUDJHORZHUWKDQWKH
GHVLUHG UDQJH DQG WKH VRUEHQW SUHSDUHGZLWK&RPPHUFLDO 6XSSRUW % H[KLELWHG D KLJKHU WKDQ GHVLUHG SDUWLFOH VL]H
GLVWULEXWLRQ 6XEVHTXHQWO\ WKH WKUHH UHPDLQLQJ VRUEHQW FDQGLGDWHV ZHUH HYDOXDWHG LQ WKH Y)%5 DQG REVHUYDWLRQV
ZHUHPDGHSHUWDLQLQJWRIOXLGL]DELOLW\DQGSRWHQWLDOIRU3(,OHDFKLQJ,QJHQHUDODWRSWLPDOORDGLQJVRI3(,LWZDV
REVHUYHGWKDWDOOVRUEHQWVDPSOHVUHPDLQHGIOXLGL]HGXQGHUWKHIRXUVHWVRIWHVWLQJFRQGLWLRQVDQGWKXVWKHUHPDLQLQJ
WKUHHFDQGLGDWHVZHUHJLYHQD³SDVVLQJ´JUDGH
7DEOH&RPSDULVRQRISHUIRUPDQFHDQGSK\VLFDOSURSHUWLHVRIODEVFDOHDQGVFDOHGXSVRUEHQWV
6RUEHQW 6XSSRUW 6ROYHQW &2&DSDFLW\ 3DUWLFOHVL]H
6RUEHQW ,QKRXVH57, (WKDQRO ZW ±XP
6RUEHQW &RPPHUFLDO$ (WKDQRO ZW ±XP
6RUEHQW &RPPHUFLDO% (WKDQRO ZW ±XP
6RUEHQW &RPPHUFLDO& (WKDQRO ZW ±XP

*LYHQ WKDW WKH UHPDLQLQJ VRUEHQW FDQGLGDWHV ZHUH DEOH WRPHHW DOO LQLWLDO VFUHHQLQJ FULWHULD VHFRQGDU\ FULWHULD
ZHUHXVHG WRXOWLPDWHO\ VHOHFWRQO\RQHFDQGLGDWH IRUVFDOHXS&RQVLGHUDWLRQV VXFKDV OHYHORIHIIRUW LQSUHSDULQJ
ODUJH TXDQWLWLHV VFKHGXOH IRU GHOLYHU\ RI ODUJH VXSSRUW TXDQWLWLHV DQG FRVW ZHUH XVHG WR HYDOXDWH WKH UHPDLQLQJ
FDQGLGDWHV 57,¶V LQKRXVH VSUD\ GULHG VXSSRUW ZDV HOLPLQDWHG HYHQ WKRXJK LW GLG VKRZ SURPLVH 7KHUH ZHUH
FRPSHOOLQJUHDVRQVWRSXUVXHDQLQKRXVHSUD\GULHGVXSSRUWSDUWLFXODUO\LIGHQVLW\DQGSDUWLFOHVL]HFRXOGEHUDLVHG
ZLWKRXWVDFULILFLQJ&2FDSDFLW\KRZHYHULWZDVGHWHUPLQHGWKDWWKLVSDWKZD\ZRXOGEHPXFKPRUHH[SHQVLYHDQG
WDNH VLJQLILFDQWO\PRUH WLPH WRPDNHD VFDOHGXSYHUVLRQ UDWKHU WKDQPRYLQJ IRUZDUGZLWKDFRPPHUFLDO VXSSRUW
7KHILQDOWZRFDQGLGDWHVZHUHFRPSDUHGEDVHGRQFRVWDQGVFKHGXOHRIGHOLYHU\DQGXOWLPDWHO\&RPPHUFLDO6XSSRUW
&ZDVVHOHFWHGWREHXVHGIRUVRUEHQWVFDOHXS
3.4. Optimization of the fluidizable sorbent 
)ROORZLQJWKHVHOHFWLRQRIWKHPRVWSURPLVLQJVXSSRUWFDQGLGDWH DQGVRUEHQWSURGXFWLRQSURFHGXUHIRUVRUEHQW
VFDOHXSRSWLPL]DWLRQHIIRUWVZHUHFRQWLQXHGLQDQDWWHPSWWRIXUWKHULPSURYHWKHIOXLGL]HGEHGVRUEHQWLQSDUDOOHOWR
WKHVFDOHXSHIIRUW7KLVRSWLPL]DWLRQZRUNZDVOHGE\ERWK57,DQG0DVGDU,QVWLWXWH7KHREMHFWLYHRIWKLVZRUNZDV
WRFRQWLQXHLPSURYLQJWKHVRUEHQWSURSHUWLHVDQGSHUIRUPDQFHIRUIXWXUHVFDOHXSHIIRUWV6HYHUDOQHZIRUPXODWLRQV
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RI IOXLGL]DEOH VXSSRUWVDQGVRUEHQWVZHUHSUHSDUHG E\D0DVGDU ,QVWLWXWH UHVHDUFKHU DW57,¶V IDFLOLW\7KH VRUEHQW
SURGXFWLRQSURFHGXUHZDVRSWLPL]HGE\YDU\LQJWKHIROORZLQJSUHSDUDWLRQYDULDEOHV

x VROYHQWVHOHFWLRQ
x GU\LQJSURFHGXUH
x 3(,ORDGLQJ
x UHJHQHUDWLRQPHWKRG
x JDVFRPSRVLWLRQXVHGLQWHVWLQJDQG
x VXSSRUWVHOHFWLRQDQGSUHWUHDWPHQWRIWKHVXSSRUWVWUXFWXUH

,QDGGLWLRQWRWHVWLQJWKHVRUEHQWFDQGLGDWHVZLWKVLPXODWHGFRDOILUHGIOXHJDVVRPHWHVWVZHUHSHUIRUPHGXVLQJD
VLPXODWHG 1*&& IOXH JDV JLYHQ0DVGDU¶V LQWHUHVW LQ DSSO\LQJ &2 FDSWXUH WHFKQRORJLHV WR 1*&& SRZHU SODQW
DSSOLFDWLRQV7KHVLPXODWHG1*&&IOXHJDVFRPSRVLWLRQFRQVLVWHGRI&22+2DQGEDODQFH1

7KHUHVXOWVVKRZQLQ)LJXUHDUHH[HPSODU\RIWKHZRUNFDUULHGRXWE\0DVGDU,QVWLWXWH±H[KLELWLQJRQHRIWKH
PDQ\YDULDEOHVH[SORUHGE\WKHWHDPLQDQDWWHPSWWRRSWLPL]HWKHIOXLGL]DEOHVRUEHQWFDQGLGDWH)LJXUHDVKRZVWKH
HIIHFWRIVROYHQWVHOHFWLRQIRUWKH3(,LPSUHJQDWLRQRQWKHVLOLFDVXSSRUW)LJXUHEH[KLELWVKRZWKHVRUEHQW¶V&2
ORDGLQJ GXULQJ DEVRUSWLRQ FDQ EH LPSDFWHG E\ WKH WHPSHUDWXUH RI UHJHQHUDWLRQ LH KRZ D VRUEHQW¶V ZRUNLQJ
FDSDFLW\FDQEHLPSDFWHGGXHWRUHJHQHUDWLRQWHPSHUDWXUH)LJXUHEDOVRVKRZVKRZWKH&2ORDGLQJFRPSDUHVLQD
FRDOILUHGIOXHJDVWHVWLQJHQYLURQPHQWYHUVXVRQHWKDWVLPXODWHG1*&&IOXHJDV
0DQ\ 5	' JURXSV SHUIRUP 3(, LPSUHJQDWLRQ XVLQJ PHWKDQRO DV D VROYHQW WR SURGXFH D 3(,VLOLFD VOXUU\
0HWKDQRO LV IUHTXHQWO\ XVHG EHFDXVH LW LV PLVFLEOH ZLWK 3(, HDV\ WR HYDSRUDWH GXH WR D ORZ ERLOLQJ SRLQW DQG
UHODWLYHO\LQH[SHQVLYH+RZHYHUPHWKDQROLVDWR[LFVROYHQWZLWKUHODWLYHO\KLJKYDSRUSUHVVXUH7KHUHIRUHLQWKLV
VWXG\RWKHUVROYHQWV LQFOXGLQJHWKDQRO LVRSURSDQRODQGZDWHUZHUH WHVWHG WR LQYHVWLJDWH WKHSRVVLELOLW\ WRUHSODFH
PHWKDQROLQWKHVRUEHQWLPSUHJQDWLRQSURFHVV)LJXUHDVKRZVWKDWWKHVRUEHQWDFWXDOO\KDVWKHORZHVW&2ORDGLQJ
ZWZKHQPHWKDQROLVXVHGDVVROYHQW:KHQPHWKDQROLVUHSODFHGE\HWKDQROLVRSURSDQRODQGZDWHUWKH&2
ORDGLQJZDVVOLJKWO\LPSURYHGLQZKLFKWKHVRUEHQWSUHSDUHGLQHWKDQROKDVWKHKLJKHVW&2ORDGLQJZW$V
VXFK LW ZDV GHFLGHG WKDW DOO IXWXUH VRUEHQW FDQGLGDWHV ZRXOG EH SUHSDUHG XVLQJ HWKDQRO LQVWHDG RI PHWKDQRO
SDUWLFXODUO\IRUWKHODUJHVFDOHXSEDWFK8OWLPDWHO\IRUHQYLURQPHQWDOUHDVRQVDZDWHUVROYHQWZRXOGEHSUHIHUUHG
DQG DGGLWLRQDOZRUN LV EHLQJ SHUIRUPHG WR IXOO\ XQGHUVWDQG DOO LPSDFWV DZDWHU VROYHQWPD\ KDYH RQ WKH VRUEHQW
SURGXFWLRQSURFHGXUH

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WKHHIIHFWRIVROYHQWFKRLFHRQWKHDEVRUSWLRQFDSDFLW\RISUHSDUHGVRUEHQWVE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)LJXUHE VKRZV WKDW WKH IOXHJDV FRPSRVLWLRQ DQG UHJHQHUDWLRQ WHPSHUDWXUHKDYH D VLJQLILFDQW LPSDFW RQ &2
ORDGLQJ'XHWRDPXFKORZHU&2FRPSRVLWLRQDQGWKXVDORZHUGULYLQJIRUFHIRU&2VHSDUDWLRQXVLQJVLPXODWHG
1*&& IOXH JDV UHVXOWV LQ D URXJKO\  GHFUHDVH LQ WKH VRUEHQW¶V &2 ORDGLQJ FDSDFLW\ FRPSDUHG WR ZKHQ WKH
VRUEHQW LV WHVWHGXVLQJ VLPXODWHG FRDOILUHG IOXHJDV7KLV UHVXOW LV FRQVLVWHQW DFURVV DZLGH UDQJHRI UHJHQHUDWLRQ
WHPSHUDWXUHV 7KH ORZHU &2 ORDGLQJ GRHV KDYH DQ LPSDFW RQ SURFHVV HFRQRPLFV 7KHVH UHVXOWV ZLOO EH XVHG WR
XSGDWHDQHFRQRPLFDQDO\VLV0DVGDU,QVWLWXWHSHUIRUPHGRQ57,¶VVROLGVRUEHQWWHFKQRORJ\DSSOLHGWR1*&&SRZHU
SODQWV

)LJXUHEDOVRFOHDUO\VKRZVWKDWDVRUEHQW¶V&2ORDGLQJLVVLJQLILFDQWO\HQKDQFHGE\LQFUHDVLQJWKHUHJHQHUDWLRQ
WHPSHUDWXUH,QERWKWKHFRDODQG1*&&IOXHJDVFRQGLWLRQVWKH&2ORDGLQJLQFUHDVHVUDSLGO\DQGDOPRVWOLQHDUO\
ZLWKWKHUHJHQHUDWLRQWHPSHUDWXUHIURPũ&7KHUDWHRI&2ORDGLQJLQFUHDVHWHQGVWRVORZGRZQDWKLJKHU
WHPSHUDWXUHV)RU WKH VLPXODWHGFRDOILUHG IOXHJDV WHVWLQJ WKH&2 ORDGLQJ LPSURYHGE\DV WKH UHJHQHUDWLRQ
WHPSHUDWXUHZDVHOHYDWHGIURPWR&)RUWKHVLPXODWHG1*&&IOXHJDVWKH&2ORDGLQJZDVLPSURYHGE\
 RYHU WKH VDPH UHJHQHUDWLRQ WHPSHUDWXUH UDQJH ,Q ERWK WKH FRDO DQG 1*&& IOXH JDV FRQGLWLRQV WKH
LPSURYHPHQWLQ&2ORDGLQJZDVPLQLPDOLQWKH±&UDQJHFRPSDUHGWR±&:KHQFRQVLGHULQJ
WKDW ORZHU UHJHQHUDWLRQ WHPSHUDWXUHV DOVR UHVXOW LQ ORZHU &2 ORDGLQJV WKHVH VWXGLHV VXJJHVW WKDW WKH RSWLPDO
WHPSHUDWXUHIRUVRUEHQWUHJHQHUDWLRQOLHVLQWKHUDQJHRIũ&
4. Sorbent scale-up
7KHREMHFWLYHRIWKHVRUEHQWVFDOHXSHIIRUWZDVWRPDQXIDFWXUHDVXIILFLHQWTXDQWLW\RIVRUEHQWWRLQLWLDOO\ILOOWKH
EHQFKVFDOHWHVWXQLWGHVFULEHGLQVHFWLRQDQGKDYHDQDGGLWLRQDOIXOOLQYHQWRU\DYDLODEOHDVPDNHXSVRUEHQWWR
WKH V\VWHP 7KH EHQFKVFDOH V\VWHP UHTXLUHV URXJKO\ a NJ IRU DQ LQLWLDO ILOO DQG WKHUHIRUH  NJ RI VFDOHXS
VRUEHQWZHUHWDUJHWHGLQWKLVHIIRUW
4.1. Sorbent scale-up procedure 
7KH ILUVW VWHS RI WKH VRUEHQW VFDOHXS HIIRUW ZDV WR ILQDOL]H WKH PDQXIDFWXULQJ SURFHGXUH WR EH XVHG E\ D
FRPPHUFLDOPDQXIDFWXULQJSDUWQHU WKLV LQFOXGHG WKH ILQDO VHOHFWLRQRI WKH VLOLFD VXSSRUW VRXUFH WKH3(, W\SH DQG
VRXUFH WKH VROYHQW WR EH XVHG LQ WKH VRUEHQW SUHSDUDWLRQ DQG WKH 3(, ORDGLQJ WDUJHW IRU WKH SUHSDUHG VRUEHQW ,Q
DGGLWLRQVHYHUDOWROOPDQXIDFWXULQJFRPSDQLHVZHUHHYDOXDWHGEHIRUHVHOHFWLQJDPDQXIDFWXULQJSDUWQHUFDSDEOHRI
SURYLGLQJWKHVRUEHQWVFDOHXSVHUYLFH

7KH SURFHVV OHDGLQJ XS WR WKH VRUEHQW VFDOHXS LQFOXGHG RSWLPL]LQJ WKH VRUEHQW SURFHGXUH H[FKDQJLQJ
LQIRUPDWLRQDQGH[SHUWLVHZLWK WKHSUHIHUUHGPDQXIDFWXULQJSDUWQHUSHUIRUPLQJDVPDOOEDWFK WULDOSUHSDUDWLRQUXQ
IRUWKHVRUEHQWHYDOXDWLQJWKHWULDOEDWFKSHUIRUPDQFHDQGSURSHUWLHVDQGFRQILUPLQJWKH\PHHWWKHGHVLUHGWDUJHWV
DQGWKHQDXWKRUL]LQJWKHIXOOSURGXFWLRQRINJRIWKH&2FDSWXUHVRUEHQW
4.2. Comparison to laboratory-prepared sorbents 
$QDO\VLV RI WKH VFDOHGXS VRUEHQW LQGLFDWHG WKDW WKH IRUPXODWLRQ DQG SUHSDUDWLRQPHWKRG GHYHORSHG DW WKH ODE
VFDOHFRXOGEHUHSOLFDWHGDWWKHNJVFDOH7KH&2FDSWXUHSHUIRUPDQFHIOXLGL]DWLRQSHUIRUPDQFHDQGSK\VLFDO
SURSHUWLHV RI WKH VFDOHGXS VRUEHQW ZHUH DOO QHDUO\ LGHQWLFDO WR WKH ODEVFDOH VRUEHQW DQGPHW WKH GHVLUHG WDUJHWV
7DEOHSURYLGHVDFRPSDULVRQRIWKH&2FDSWXUHSHUIRUPDQFHDQGSURSHUWLHVEHWZHHQWKHODEVFDOHDQGVFDOHGXS
VRUEHQW 57, SHUIRUPHG IOXLGL]HGEHG WHVWLQJ RQ WKH VFDOHGXS VRUEHQW XQGHU PXOWLSOH SURFHVV FRQGLWLRQV 7KH
VRUEHQWSDVVHGWKHVHWHVWVDQGH[KLELWHGQRDJJORPHUDWLRQRU3(,OHDFKLQJXQGHUWKHWHVWFRQGLWLRQV7KHY)%5WHVWV
FRXSOHGZLWK WKHSK\VLFDOSURSHUW\PHDVXUHPHQWV FRQILUP WKDW WKH VFDOHGXSVRUEHQW LV VXLWDEOH IRU WHVWLQJ LQ WKH
EHQFKVFDOH V\VWHP 7KLV VRUEHQW KDV EHHQ ORDGHG DQG WHVWHGZLWKLQ WKH EHQFKVFDOH FRQWDFWRU HYDOXDWLRQ XQLW DV
GHVFULEHGLQVHFWLRQ


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7DEOH&RPSDULVRQRISHUIRUPDQFHDQGSK\VLFDOSURSHUWLHVRIODEVFDOHDQGVFDOHGXSVRUEHQWV
6RUEHQW 6XSSRUW $PRXQW 3(,ORDGLQJ &2&DSDFLW\ )%5WHVW 'HQVLW\ 3DUWLFOHVL]H
/DE
6RUEHQW 6LOLFD$ J  ZW 3DVV JFF ±XP
6FDOHGXS
6RUEHQW 6LOLFD$ NJ  ZW 3DVV JFF ±XP
5. Bench-scale prototype testing of RTI’s solid sorbent CO2 capture technology 
7KH RYHUDOO REMHFWLYH RI WKH EHQFKVFDOH SURWRW\SH WHVWLQJ LV WR H[SHULPHQWDOO\ HYDOXDWH WKH VWDJHG IOXLGL]HG
PRYLQJ EHG UHDFWRU )0%5 GHVLJQ DQG RSWLPL]H WKH SURFHVV GHVLJQ WR DFKLHYH WKH PRVW HIIHFWLYH &2 FDSWXUH
SHUIRUPDQFH XWLOL]LQJ WKH SUHIHUUHG VRUEHQW FDQGLGDWH 7KLV HIIRUW ZDV VWUXFWXUHG LQWR WKUHH PDLQ DFWLYLWLHV 
FRQVWUXFWLRQDQGFRPPLVVLRQLQJRIDEHQFKVFDOHFRQWDFWRUHYDOXDWLRQXQLW%V&(8H[SHULPHQWDOHYDOXDWLRQRI
WKH )0%5 FRQWDFWRUV DQG  PRGLILFDWLRQ RI %V&(8 XVLQJ GHVLJQ RSWLPL]DWLRQV GHYHORSHG GXULQJ WHVWLQJ 7KH
%V&(8LVLQWHQGHGWREHDWHVWLQJSODWIRUPWRDGYDQFHRXUWHFKQLFDOXQGHUVWDQGLQJRIDIOXLGL]HGEHGVRUEHQWEDVHG
&2FDSWXUHSURFHVVEXLOGLQJRQWKHZRUNDOUHDG\GRQHRQIL[HGEHGVRUEHQWWHVWLQJDQGUHDFWRUPRGHOLQJ6SHFLILF
JRDOVRIWKHEHQFKVFDOHWHVWLQJHIIRUWDUHWR

x RSWLPL]HWKHGHVLJQDQGVSHFLILFDWLRQVIRUWKH&2$EVRUEHUDQG6RUEHQW5HJHQHUDWRU
x GHPRQVWUDWHWKDWHIIHFWLYHKHDWPDQDJHPHQWLVQHFHVVDU\WRDFKLHYHRSWLPDO&2FDSWXUHDQGVRUEHQW
UHJHQHUDWLRQSHUIRUPDQFH
x GHPRQVWUDWHWKDWWKHVROLG&2FDSWXUHVRUEHQWLVIOXLGL]DEOH
x GHPRQVWUDWHWKDWWKHVROLG&2FDSWXUHVRUEHQWFDQDFKLHYHWDUJHW&2ORDGLQJFDSDFLW\DQGFDSWXUHUDWHV
x SURYHWKDWWKH&2FDSWXUHVRUEHQWPDLQWDLQVUHDVRQDEOHDWWULWLRQUHVLVWDQFHDQG
x FROOHFWFULWLFDOSURFHVVGDWDZKLFKZLOOEHXVHGWRVXSSRUWRSWLPL]DWLRQRIWKHFXUUHQW%V&(8GHVLJQRIODUJHU
SLORWV\VWHPVDVZHOODVXSGDWLQJRIDGHWDLOHGWHFKQLFDODQGHFRQRPLFDQDO\VLV
5.1. Bench-scale system design and engineering 
'HVLJQDQGHQJLQHHULQJRIWKH%V&(8ZDVWKHILUVWVWHSOHDGLQJWRWKHODUJHUJRDORIKDYLQJDSURWRW\SHV\VWHP
DYDLODEOHIRUH[WHQVLYHSDUDPHWULFDQGORQJWHUPSHUIRUPDQFHWHVWLQJ$GHWDLOHGHQJLQHHULQJGHVLJQSDFNDJHRIWKH
%V&(8ZDV FRPSOHWHGZKLFK LQFOXGHV D GHWDLOHG SURFHVV GHVFULSWLRQ SLSLQJ	 LQVWUXPHQWDWLRQ GLDJUDPV ELOO RI
PDWHULDOVFRVWHVWLPDWHDQGGHOLYHU\VFKHGXOHIRUYDULRXVFRPSRQHQWV

7KH RYHUDOO GHVLJQ DQG OD\RXW RI WKH %V&(8 LV QRW WRR GLIIHUHQW IURP WKH FRPPHUFLDO SURFHVV IORZ GLDJUDP
H[KLELWHGLQ)LJXUH7KH%V&(8FRQVLVWVRI ILYHVHFWLRQVLQFOXGLQJIOXHJDVJHQHUDWLRQ&2$EVRUEHU
6RUEHQW 5HJHQHUDWRU  SURFHVV JDVHV LQVWUXPHQWDWLRQ DQG FRQWURO DQG  DQDO\WLFDO HTXLSPHQW 7KH %V&(8 LV
H[SHFWHG WR RSHUDWH DV VXFK IOXH JDV EOHQGHG IURP RQVLWH JDV F\OLQGHUV LV GHOLYHUHG WR WKH ERWWRP RI D &2
$EVRUEHU±ZKLFKFRQVLVWVRIVHYHUDOVWDJHGFRQWDFWRUV7KHIOXHJDVSDVVHVWKURXJKDJDVGLVWULEXWRULQWRWKHILUVW
VWDJHGFRQWDFWRUDQGFRPHVLQWRFRQWDFWZLWKDQGIOXLGL]HVWKHVROLGVRUEHQW7KHVRUEHQWVHOHFWLYHO\UHPRYHV&2
IURPWKHIOXHJDVDVWKHJDVFRQWLQXHVWRIORZXSZDUGSULRUWRH[LWLQJVWDJH7KHJDVWKHQSDVVHVWKURXJKDQRWKHU
JDVGLVWULEXWRUDQGHQWHUVDVHFRQGVWDJHZLWKLQWKH$EVRUEHU7KLVIORZSDWKUHSHDWVIRUWKHUHPDLQLQJVWDJHV7KH
V\VWHPLVGHVLJQHGVXFKWKDWWKHQXPEHURIVWDJHVFDQEHDGMXVWHGE\UHPRYLQJJDVGLVWULEXWRUV7KHJDVH[LWLQJWKH
ILQDO VWDJH KDYLQJ D UHGXFHG&2 FRQWHQW SDVVHV WKURXJK D GLVHQJDJHPHQW ]RQH DQG F\FORQH WR UHPRYH D ODUJH
IUDFWLRQRIWKHSDUWLFXODWHVLQWKHJDVVWUHDPSULRUWRHQWHULQJDILQHVILOWHUZKLFKUHPRYHV ILQHSRZGHUV7KH&2
OHDQVROLGVIUHHJDVLVWKHQVHQWWRDQDQDO\]HUWRTXDQWLI\WKH&2FRQWHQWSULRUWREHLQJYHQWHG&2OHDQVRUEHQW
LVFRQWLQXRXVO\IHGWRWKHWRSRIWKH$EVRUEHU7KHVRUEHQWPL[HVLQWRWKHIOXLGL]HGEHGDQGUHDFWVZLWK&2LQWKH
JDVSKDVH7KH VRUEHQW WKHQ H[LWV WKDW VWDJHRI WKH$EVRUEHUYLD DQRYHUIORZGRZQFRPHU DQG LV VHQW WR WKH VWDJH
EHORZ UHSHDWLQJ WKHSURFHVV XQWLO WKH VRUEHQW H[LWV WKH$EVRUEHU8SRQH[LWLQJ WKH VRUEHQW LV IHG WR WKH6RUEHQW
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5HJHQHUDWRU ,Q WKH FXUUHQW%V&(8 DUUDQJHPHQW WKH 5HJHQHUDWRU VLPSO\ DFWV DV D VRUEHQW LQYHQWRU\ YHVVHO ZLWK
KHDWLQJFDSDELOLW\WRUHJHQHUDWHWKHVRUEHQWLPSURYHPHQWVWRWKH5HJQHUDWRUGHVLJQDUHSODQQHG

(DFKVWDJHRIWKH&2$EVRUEHULVHTXLSSHGZLWKKHDWWUDQVIHULQWHUQDOVWRUHPRYHWKHKHDWRI&2DEVRUSWLRQDQG
PDLQWDLQWKHGHVLUHGEHGWHPSHUDWXUH7KH&2DQG+2ORDGLQJRIWKHVRUEHQWFDQEHYDULHGE\FRQWUROOLQJWKHEHG
WHPSHUDWXUHDQGFRQFHQWUDWLRQRIWKHIHHGJDV%HLQJDEOH WRFKDQJHWKHVROLGVFLUFXODWLRQUDWHDQGHIIHFWLYHO\WKH
VROLGVWRJDV6*UDWLRLVSLYRWDOWRWKHVXFFHVVIXORSHUDWLRQRIWKHXQLW,WLVFULWLFDOWRXQGHUVWDQGKRZWKHVROLGV
FLUFXODWLRQUDWHFDQEHFRQWUROOHGDQGTXDQWLILHGLQRUGHUWRFRQWURODQGTXDQWLI\WKH6*UDWLR

7KH VFDOH RI WKH %V&(8 ZDV VHOHFWHG EDVHG RQ WKH PLQLPXP FROXPQ
GLDPHWHUDWZKLFKVWDEOHVROLGVFLUFXODWLRQFDQEHHQVXUHGDVUHFRPPHQGHG
E\DQHQJLQHHULQJSDUWQHUZLWKVLJQLILFDQWH[SHUWLVHLQWKLVILHOG$FROXPQ
GLDPHWHU RI ´ZDV VHOHFWHG IRU WKH VWDJHG )0%5GHVLJQ WR DYRLG LVVXHV
UHODWHG WR EHG VOXJJLQJ WKDWZRXOG OHDG WR SRRU&2 FDSWXUH SHUIRUPDQFH
DQGFRXOGSRVVLEO\GDPDJHWKHFROXPQV%DVHGRQWKHFROXPQGLDPHWHUDQG
WKH UDQJH RI JDV YHORFLWLHV WKDW FDQ EH DFFRPPRGDWHGZLWKLQ WKH%V&(8
KHUHDUHVRPHLPSRUWDQWVSHFLILFDWLRQVIRUWKHEHQFKVFDOHWHVWXQLW

x FDSDFLW\WRSURFHVVEHWZHHQDQG6/30RIIOXHJDV
x VROLGVFLUFXODWLRQUDQJHRIWRNJK
x VRUEHQWILOOFDSDFLW\RINJ
x FDSDFLW\WRSURFHVVURXJKO\NJ&2GD\

7KH EHQFKVFDOH FRQWDFWRU HYDOXDWLRQ XQLW VKRZQ LQ )LJXUH  ZDV
FRQVWUXFWHG LQ57,¶V(QHUJ\7HFKQRORJ\'HYHORSPHQW)DFLOLW\ (7') LQ
WKH )HEUXDU\ WR -XQH  WLPHIUDPH )ROORZLQJ D FRPSUHKHQVLYH VKDNH
GRZQ WKH %V&(8 ZDV RSHUDWLRQDOO\ FRPPLVVLRQHG XVLQJ D IOXLGL]DEOH
DOXPLQDZLWKWKHREMHFWLYHRI

x GHPRQVWUDWLQJVWDEOHFRQWUROODEOHVROLGVIORZDQGFLUFXODWLRQEHWZHHQWKH
$EVRUEHUDQG5HJHQHUDWRU
x FDOLEUDWLQJYDOYHVDQGRWKHUFRQWUROPHFKDQLVPVDQG
x YHULI\LQJFRROLQJKHDWLQJZLWKLQWKH$EVRUEHUDQG5HJHQHUDWRU

,Q WKHDOXPLQD IORZDQGFLUFXODWLRQ WHVWV57,GHPRQVWUDWHGVWDEOHDQG
FRQWUROODEOH DOXPLQD IORZ DQG FLUFXODWLRQ EHWZHHQ WKH DEVRUEHU DQG
UHJHQHUDWRU DQG EHWZHHQ VWDJHVZLWKLQ WKH DEVRUEHU ,Q DGGLWLRQ WKH WHDP
ZDVDEOH WRFDOLEUDWHDOOVOLGHYDOYHVDQGRWKHUPHFKDQLFDOFRQWUROPHFKDQLVPVDQGKHDWLQJFRROLQJFRQWUROZLWKLQ
WKHDEVRUEHUDQGUHJHQHUDWRUZHUHYHULILHG
5.2. Bench-scale system testing with simulated flue gas 
)ROORZLQJ WKH FRPPLVVLRQLQJ RI WKH %V&(8 VHYHUDO µSURRIRIFRQFHSW¶ H[SHULPHQWV ZHUH SHUIRUPHG WR
H[SHULPHQWDOO\ YHULI\ NH\ SDUDPHWHUV DIIHFWLQJ WKH DEVRUSWLRQUHJHQHUDWLRQ HIILFLHQF\ RI D IOXLGL]HGEHG VROLG
VRUEHQWEDVHG&2FDSWXUHSURFHVV7KHVHH[SHULPHQWVZHUHSHUIRUPHGSULPDULO\ WRYHULI\ WKDW WKH)0%5GHVLJQ
DSSURDFKLVIXQGDPHQWDOO\FRUUHFW7KHVRUEHQWXVHGLQWKH%V&(8ZDVWKHVFDOHGXS3(,EDVHGVRUEHQWGHVFULEHGLQ
VHFWLRQ

:LWKWKHFRPSOHWLRQRI%V&(8FRPPLVVLRQLQJNJRIWKH3(,EDVHGVRUEHQWZDVWKHQORDGHGDQGWKHEHQFK
VFDOH V\VWHP ZDV UHFDOLEUDWHG IRU VROLGV IORZ DQG FLUFXODWLRQ FRQWURO ± JLYHQ WKDW WKH SK\VLFDO SURSHUWLHV RI WKH
)LJ57,¶VEHQFKVFDOHVROLGVRUEHQW&2
FDSWXUHWHVWXQLW
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FRPPLVVLRQLQJPDWHULDODOXPLQDDQGWKH3(,EDVHGVRUEHQWGLIIHULQVRPHDVSHFWV7KHLQLWLDOSRVWFRPPLVVLRQLQJ
JRDOVIRUWKHEHQFKVFDOHWHVWLQJZHUHWR

x GHPRQVWUDWHVWDEOHFRQWLQXRXVRSHUDWLRQRIWKHV\VWHPZKLOHDFKLHYLQJa&2FDSWXUH
x GHPRQVWUDWHWKDWKHDWPDQDJHPHQWLQWKH&2$EVRUEHUSDUWLFXODUO\WKHUHPRYDORIKHDWZLWKLPPHUVHG
LQWHUQDOVLVQHFHVVDU\IRUDFKLHYLQJ&2FDSWXUHDQG
x GHPRQVWUDWHWKDWWKH3(,VRUEHQWLVIXOO\UHJHQHUDEOHLQDFRQWLQXRXVIORZFLUFXODWLQJV\VWHP

([SHULPHQWV WR GHPRQVWUDWH WKHVH FULWLFDO SURFHVV FRQFHSWV DQG WR YDOLGDWH WKH WHFKQLFDO XQGHUVWDQGLQJ RI WKH
SURSRVHG)0%5DUUDQJHPHQWDUHFXUUHQWO\RQJRLQJ,QLWLDO WHVWVXVLQJWKH3(,EDVHGVRUEHQWKDYHVKRZQWKDWWKH
VRUEHQWIOXLGL]HVDQGFLUFXODWHVZHOOLQWKH%V&(86WDEOHVRUEHQWFLUFXODWLRQKDVEHHQDFKLHYHGDWYDULRXVVRUEHQW
FLUFXODWLRQUDWHVVSDQQLQJWRNJKZLWKRYHUKRXUVRIVWDEOHFLUFXODWLRQDQGIOXLGL]DWLRQDFKLHYHG&2
FDSWXUH H[SHULPHQWV XVLQJ VLPXODWHG IOXH JDVZHUH SHUIRUPHG WR GHPRQVWUDWH WKDW WKH EHQFKVFDOH )0%5 XQLW LV
FDSDEOH RI FRQWLQXRXV VWDEOH &2 UHPRYDO DQG VRUEHQW UHJHQHUDWLRQ RYHU DQ H[WHQGHG WHVW SHULRG 2YHUDOO WKH
VRUEHQWKDVEHHQWHVWHGLQDVLPXODWHGIOXHJDVHQYLURQPHQWIRURYHUKRXUV

3UHOLPLQDU\%V&(8WHVWLQJKDYHUHVXOWHGLQWKHIROORZLQJREVHUYDWLRQV

x WKHVRUEHQWLVFDSDEOHRIUDSLGUHPRYDORI&2
IURPWKHIOXHJDV
x GXULQJ&2UHPRYDODODUJHH[RWKHUP
LQFUHDVHLQEHGWHPSHUDWXUHLVREVHUYHG
VWDUWLQJRQWKHERWWRPVWDJHRIWKH&2
$EVRUEHUDQGPLJUDWHVXSWKURXJKWKH
$EVRUEHUVWDJHV
x FDSWXUHRIDGHVLUHGWDUJHWRI
'2(1(7/¶V&DUERQ&DSWXUH3URJUDPRI
WKH&2LQWKHVLPXODWHGIOXHJDVVWUHDPLV
SRVVLEOHDVH[KLELWHGLQ)LJXUH
x KHDWUHPRYDOIURPWKH&2$EVRUEHUGXULQJ
&2DEVRUSWLRQKDVDVLJQLILFDQWEHQHILFLDO
LPSDFWRQWKHVRUEHQW¶V&2ORDGLQJ
SDUWLFXODUO\FRPSDUHGWRWHVWVWKDWPLPLFWKH
FRQGLWLRQRIQRKHDWUHPRYDOLQWKH$EVRUEHU
LHKHDWPDQDJHPHQWLQWKHSURFHVVLVRI
FULWLFDOLPSRUWDQFH

$GGLWLRQDO ZRUN LV QHHGHG WR EDODQFH WKH GHJUHH RI &2 DEVRUSWLRQ LQ WKH &2 $EVRUEHU DQG GHJUHH RI
UHJHQHUDWLRQ LQ WKH 6RUEHQW 5HJHQHUDWRU VR WKDW WKH &2 FDSWXUH HIILFLHQF\ FDQ EHPDLQWDLQHG DW a IRU HYHQ
ORQJHU SHULRGV $GGLWLRQDO WHVW SODQV LQFOXGH PRUH H[WHQVLYH KHDW PDQDJHPHQW WHVWV SDUDPHWULF WHVWV LQ ZKLFK
SURFHVVYDULDEOHVDUHDGMXVWHGDQGRSWLPL]HGDQGORQJWHUPSHUIRUPDQFHWHVWV
5.3. Bench-scale evaluation for NGCC application 
$V GLVFXVVHG SUHYLRXVO\0DVGDU LV D FRIXQGLQJ SDUWQHU IRU WKLV VROLG VRUEHQW WHFKQRORJ\ GHYHORSPHQW ZRUN
0DVGDU ,QVWLWXWH VXSSRUWV WKH SURMHFW WKURXJK VRUEHQW LPSURYHPHQW DFWLYLWLHV DV GHVFULEHG LQ VHFWLRQ  DQG
%V&(8WHVWLQJDFWLYLWLHVJHDUHGWRZDUGVHYDOXDWLQJWKHVROLGVRUEHQW&2FDSWXUHSURFHVVIRU1DWXUDO*DV&RPELQHG
&\FOH 1*&& SRZHU SODQW DSSOLFDWLRQ )XWXUH %V&(8 WHVWLQJ DFWLYLWLHV LQFOXGH D 0DVGDU ,QVWLWXWH UHVHDUFKHU
HYDOXDWLQJWKHHIILFDF\RIWKH)0%5GHVLJQIRU1*&&DSSOLFDWLRQE\WHVWLQJWKH%V&(8XVLQJIOXHJDVWKDWVLPXODWH
1*&&FRQGLWLRQVDQGFRPSRVLWLRQ2EMHFWLYHVRIWKLVZRUNDUHWR
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
x GHPRQVWUDWHWKDWWKHDGYDQFHGVROLG&2FDSWXUHVRUEHQWFDQDFKLHYHWDUJHW&2ORDGLQJFDSDFLW\DQGFDSWXUH
UDWHVXVLQJ1*&&VLPXODWHGIOXHJDV
x FROOHFWFULWLFDOSURFHVVGDWDLQIRUPDWLRQIRUWKH1*&&FDVHDQGXVHWKHGDWDWRXSGDWHDGHWDLOHGWHFKQLFDODQG
HFRQRPLFHYDOXDWLRQRI57,¶VWHFKQRORJ\DSSOLHGWRD1*&&SRZHUSODQWFRQVLGHULQJWKHPDMRUFDSWXUHSURFHVV
SDUDPHWHUVHJHQHUJ\UHTXLUHPHQWFRROLQJZDWHUGHPDQGFDSWXUHHIILFLHQF\&2ORDGLQJFDSDFLW\DQGWKH
RYHUDOOSURFHVVRSHUDELOLW\DQGFRPSDULQJWKHVHUHVXOWVWRWKHFRDOILUHGSRZHUSODQWFDVH
5.4. Next steps for bench-scale system testing 
7KHQH[WVWHSVLQDGYDQFLQJ57,¶VVROLGVRUEHQW&2FDSWXUHWHFKQRORJ\SULPDULO\LQYROYHFRQWLQXHGWHVWLQJDQG
LPSURYHPHQWRIWKH%V&(8([WHQGHGWHVWLQJZLOOWUXO\SURYHWKHWHFKQLFDOIHDVLELOLW\RIWKHSURFHVVGHVLJQDQGZLOO
SURYLGHYDOXDEOHSHUIRUPDQFHGDWD WKDWFDQEHXVHG WR LPSURYH WKH V\VWHP LWVHOI DLG LQ WKHGHVLJQRI ODUJHUSLORW
VROLG VRUEHQW V\VWHP DQG SURYLGH LQIRUPDWLRQ WR XVH WR XSGDWH WHFKQLFDO DQG HFRQRPLF DVVHVVPHQWV RI 57,¶V
WHFKQRORJ\6SHFLILFJRDOVDQGREMHFWLYHVRIWKLVQH[WGHYHORSPHQWSKDVHLQFOXGH

x GHPRQVWUDWHWKDWWKH%V&(8FDQPDLQWDLQFRQWLQXRXVRSHUDWLRQXQGHUKLJKILGHOLW\IOXHJDVFRQGLWLRQV
x SHUIRUPSDUDPHWULFWHVWLQJWRGHWHUPLQHWKHSURFHVVFRQGLWLRQVDWZKLFKWKH%V&(8SHUIRUPVRSWLPDOO\
x SHUIRUPORQJWHUPWHVWLQJKRXUVWRGHPRQVWUDWHORQJWHUPVWDELOLW\RIWKHVROLG&2FDSWXUHVRUEHQWDQG
SURFHVVHTXLSPHQW
x FROOHFWFULWLFDOSURFHVVGDWDWRSHUIRUPDGHWDLOHGWHFKQLFDODQGHFRQRPLFDVVHVVPHQWRI57,¶VWHFKQRORJ\DV
DSSOLHGWRDFRDOILUHGSRZHUSODQW
6. Conclusion 
&XUUHQW UHVHDUFK DQG GHYHORSPHQW ZRUN RQ D VROLG VRUEHQW &2 FDSWXUH SURFHVV KDYH OHG WR VLJQLILFDQW
DGYDQFHPHQWVLQ3(,EDVHGVRUEHQWVDQGSURFHVVGHVLJQDQGHQJLQHHULQJIRUWKHVHW\SHSURFHVVHV

,QRUGHU WRSURGXFH D FRPPHUFLDOO\YLDEOH VRUEHQW WKH WKHUPDO VWDELOLW\ DQGSK\VLFDO IRUP3(,EDVHG VRUEHQWV
KDYHEHHQLPSURYHGVXEVWDQWLDOO\E\PRGLI\LQJSURFHVVWHVWFRQGLWLRQVDQGVRUEHQWSUHSDUDWLRQFRQGLWLRQVVHOHFWLQJ
GLIIHUHQW W\SHV DQG VRXUFHV RI 3(, VWUHQJWKHQLQJ WKH 3(, DQG VXSSRUWPDWHULDO FKHPLFDO ERQG SHUIRUPLQJ FURVV
OLQNLQJFRSRO\PHUL]DWLRQ DSSURDFKHV IRU WKH 3(, 6XEVWLWXWLRQ RI PHVRSRURXV VLOLFD VXSSRUWV HJ 0&0 DQG
6%$ZLWKOHVVH[SHQVLYHVLOLFDVKDVOHGWRDQRYHUDOO[UHGXFWLRQLQ VRUEHQWFRVW&RPPHUFLDOO\DYDLODEOH
VLOLFDVXSSRUWVSURYHG WREH LGHDOFDQGLGDWHVIRU3(, LPSUHJQDWLRQDV WKH\DUH UHDGLO\DYDLODEOHH[KLELWFRQVLVWHQW
SURSHUWLHVDQGSHUIRUPHGDVZHOOLIQRWEHWWHUWKDQLQKRXVHSUHSDUHGVXSSRUWV

([WHQVLYHVRUEHQWVFUHHQLQJHIIRUWVUHVXOWHGLQDQLGHDOFDQGLGDWHIRUVRUEHQWVFDOHXSWRNJ7KLVFDQGLGDWH
H[KLELWHG D SUHIHUUHG FRPELQDWLRQ RI SK\VLFDO SURSHUW\ GHQVLW\ SDUWLFOH VL]H HWF WDUJHWV DQG SHUIRUPDQFH &2
ORDGLQJFDSDFLW\ IOXLGL]DELOLW\HWFPHWULFV57,¶V ODERUDWRU\VRUEHQWSUHSDUDWLRQSURFHGXUHSURYHG WREHUHOLDEO\
VFDODEOH DV WKH VRUEHQWZDVPDQXIDFWXUHGE\ D FRPPHUFLDO WROOPDQXIDFWXULQJSDUWQHU DQG WKH UHVXOWLQJ VFDOHGXS
VRUEHQW H[KLELWHG &2 FDSWXUH SHUIRUPDQFH IOXLGL]DWLRQ SHUIRUPDQFH DQG SK\VLFDO SURSHUWLHV QHDUO\ LGHQWLFDO WR
WKRVH RI WKH ODEVFDOH VRUEHQW ,WZDV FRQFOXGHG WKDW WKH VRUEHQW ZDV UHDG\ WR EH HYDOXDWHG LQ D EHQFKVFDOH WHVW
V\VWHPGHYHORSHGXQGHUWKLVZRUNHIIRUW,QSDUDOOHOVHYHUDO

$ EHQFKVFDOH FRQWDFWRU HYDOXDWLRQ XQLW ZDV FRQVWUXFWHG LQ 57,¶V (QHUJ\ 7HFKQRORJ\ 'HYHORSPHQW )DFLOLW\
(7') LQ WKH )HEUXDU\ WR -XQH  WLPHIUDPH )ROORZLQJ D FRPSUHKHQVLYH VKDNHGRZQ WKH %V&(8 ZDV
RSHUDWLRQDOO\FRPPLVVLRQHGXVLQJDIOXLGL]DEOHDOXPLQDDQGWKHQWHVWHGXVLQJ WKHVFDOHGXSVRUEHQWDQGVLPXODWHG
FRDOILUHG IOXH JDV FRQGLWLRQV 3RVLWLYH FRQFOXVLRQV UHJDUGLQJ WKH VRUEHQW SHUIRUPDQFH DQG SURFHVV GHVLJQ ZHUH
UHDFKHGDVWKHVRUEHQWLVFDSDEOHRIUDSLG&2UHPRYDOH[KLELWVWKHDELOLW\WRFDSWXUH!RIWKH&2LQWKHIOXH
JDVDQGLQLWLDOKHDWPDQDJHPHQWWHVWVKDYHVKRZQWKDWKHDWUHPRYDOIURPWKH&2$EVRUEHUGXULQJ&2DEVRUSWLRQ
KDVDVLJQLILFDQWEHQHILFLDOLPSDFWRQWKHVRUEHQW¶V&2ORDGLQJ$GGLWLRQDOWHVWLQJRIWKH%V&(8LVVWLOOUHTXLUHGWR
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IXOO\ HYDOXDWH WKH LPSDFW RI GLIIHUHQW SURFHVV FRQGLWLRQV GLIIHUHQW IOXHJDV FRPSRVLWLRQV DQGSHUIRUPDQFHRI WKH
VRUEHQWDQGSURFHVVRYHUPRUHH[WHQGHGWHVWFDPSDLJQV
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